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Abstract: Cathode material of spent lithium-ion batteries was refined to obtain high value-added cobalt and lithium products based 
on the chemical behaviors of metal in different oxidation states. The active substances separated from the cathode of spent 
lithium-ion batteries were dissolved in H 2 S0 4 and H 2 0 2 solution, and precipitated as CoC 2 0 4 *2H 2 0 microparticles by addition of 
(NH 4 ) 2 C 2 0 4 . After collection of the CoC 2 0 4 *2H 2 0 product by filtration, the Li 2 C0 3 precipitates were obtained by addition of Na 2 C0 3 
in the left filtrate. The experimental study shows that 96.3% of Co (mass fraction) and 87.5% of Li can be dissolved in the solution of 
2 mol/L H 2 S0 4 and 2.0% H 2 0 2 (volume fraction), and 94.7% of Co and 71.0% of Li can be recovered respectively in the form of 
CoC 2 0 4 2H 2 0 and Li 2 C0 3 . 

Key words: spent lithium-ion batteries; recovery; leaching; precipitation 


1 Introduction 

Li-ion batteries (LIBs), first produced by SONY in 
1991, have been preferred portable source energy for 
small electronic devices [1,2]. Along with the updated 
function and decreased cost, LIBs output rose rapidly. 
World’s LIBs production reached 2.05 billion units in 
2005 and has reached 4.6 billion in 2010 [3,4]. The 
life-span of LIBs is 1-3 years. The tremendous growth in 
the use of LIBs has resulted in a great number of spent 
LIBs. Disposal of these spent LIBs will cause serious 
environmental problems due to the hazardous 
components such as heavy metal and electrolyte. On the 
other hand, materials contained in the spent LIBs are 
valuable resource and could be recycled by proper 
methods. Especially Co (5%—15% in mass fraction), a 
kind of rare and precious metal, is admitted strategic 
resource. In addition, Li is also a kind of scarce resource. 
Therefore, the recycling of major components from spent 
LIBs is considered to be a beneficial way to prevent 
environmental pollution and alleviate resource shortage. 

In the practice of recycling spent LIBs, many 


technologies have been developed, including mechanical 
process [3,5,6], thermal treatment [7-12], mechano- 
chemical process [13], acid (or base) leaching [5,14-25], 
bioleaching [26,27], solvent extraction [28-31], 
chemical precipitation [32] and electrochemical process 
[33-35], etc. Because cobalt is the most valuable 
component in LIBs and lithium is also important in many 
industrial applications, most of the established 
technologies focused on the recycling of them. 
Hydrometallurgy is the main method to recycle LiCo0 2 
from spent LIBs. The leaching of LiCo0 2 from cathodic 
material is usually carried out by using inorganic acids 
such as H 2 S0 4 [5,6,19,21,22,29,30], HC1 [3,14,17,24], 
and HN0 3 [7,18,25,32] as leaching agents, and H 2 0 2 is 
usually added in order to convert cobalt to the +2 state 
for subsequent recovery by electrochemical, precipitation 
or solvent extraction techniques. FREITAS and GARCIA 
[34] conducted electrochemical processes to recover 
cobalt from spent LIBs. Chemical precipitation was used 
by CONTESTABILE et al [14] and CASTILLO et al [32] 
to extract cobalt from the leaching solution. 
MANTUANO et al [29] and NAN et al [30] presented a 
solvent extraction method to recover cobalt. 
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Most of the proposed processes are based on 
hydrometallurgy chemistry and are developed at a 
laboratory scale. These processes provide a possibility 
for recycling LIBs in a large industrial scale. Although 
the spent LIBs will have to be recycled in the near future, 
the economical efficiency in the recycling process must 
be given particular consideration. Both cobalt oxalate 
and lithium carbonate are higher value-added chemical 
products. Cobalt oxalate can be used as catalyst, 
desiccant, additives, ceramic pigments, and foam 
stabilizer, etc; lithium carbonate can be used as catalyst, 
lithium salts, ceramics, and pharmaceuticals, etc. Based 
on the description above, the present work presented here 
aimed at a combined process to recycle cobalt and 
lithium, and obtain high value-added cobalt oxalate and 
lithium carbonate. 

2 Experimental 

2.1 Materials 

The active substance used in this work was 
separated from spent mobile phone batteries (Li-ion 
batteries). Sulphuric acid was selected for leaching and 
hydrogen peroxide (H 2 0 2 ) was employed as a reducing 
agent. Sodium hydroxide, ammonium oxalate and 
sodium carbonate were used for precipitation reaction. 
All solutions were prepared with distilled water and all 
reagents were of analytical grade. 

2.2 Experimental procedure 

The experimental procedures for recycling Co and 
Li from the active substance were as follows. 

1) The LiCo0 2 active substance sample was 
weighed accurately and then dissolved into H 2 S0 4 -H 2 0 2 
solution in a beaker and H 2 S0 4 solution in an ultrasonic 
cleaner, respectively. Ultrasound-assisted leaching was 
performed in Kunshan KQ-50E ultrasonic cleaner (with a 
frequency of 40 kHz and a nominal power of 50 W; 
Kunshan Ultrasonic Instruments Co., Ltd., China). 

2) The leaching solution was filtered to remove 
impurities, and then its pH was adjusted to 5 using 
NaOH solution. 

3) An amount of (NH 4 ) 2 C 2 0 4 was added to the 
solution and was agitated at a speed of 300 r/min for 
about 1 h to precipitate CoC 2 0 4 . 

4) The suspending liquid was filtered, the 
precipitate was dried, and then the CoC 2 0 4 powder was 
obtained. 

5) An amount of Na 2 C0 3 solution was added to the 
left filtrate and was agitated at a speed of 300 r/min for 
1 h to precipitate Li 2 C0 3 . 

6) The lithium carbonate precipitates were separated 
from the suspension by filtering and dried for analysis. 


2.3 Analysis methods 

The contents of cobalt, lithium and the other metals 
were analyzed by inductively coupled plasma optical 
emission spectroscopy (ICP-OES, Optima 2100 DV, 
Perkin Elmer, U.S.). The products of CoC 2 0 4 -2H 2 0 and 
Li 2 C0 3 were characterized by X-ray diffraction (XRD, 
Bruker D8 Advance, GER). The diffractometer equipped 
with Cu K a radiation (2=1.5406 A), employing a 
scanning rate of 0.02 (°)/s and 2 0 ranging from 5° to 80°. 
The accelerating voltage was set at 40 kV with a 40 mA 
flux. Diffraction patterns were compared with reference 
data in the ICDD PDF-2 database. 

3 Results and discussion 

3.1 Leaching experiments 

Dissolution of LiCo0 2 , the process of the reduction 
of Co 3+ in the solid species to Co 2+ in the aqueous phase, 
belongs to a surface chemical reaction [18]. The leaching 
process of LiCo0 2 in H 2 S0 4 solution could be 
represented as follows [22]: 

2LiCo0 2 (s)+3H 2 S0 4 (aq)+H 2 0 2 (aq)—> 

2CoS0 4 (aq)+Li 2 S0 4 (aq)+4H 2 0(g)+0 2 (g) (1) 

Generally, solution concentration, temperature, 
reaction time and the amount of added material could 
affect the reaction. To obtain the optimized leaching 
conditions for the mixed powder, the present work 
respectively examined the variation of leaching 
efficiency with sulphuric acid concentration, temperature, 
reaction time, ultrasound-assisted condition and the 
amount of hydrogen peroxide added. During the leaching 
process, the ratio of solid mass to liquid volume 
(represented by S:L) was maintained at 33 g/L. 

Figure 1 shows the effect of H 2 S0 4 concentration 
(represented by c(H 2 S0 4 )), H 2 0 2 amount and ultrasound- 
assisted condition on the leaching of LiCo0 2 at 60 °C for 
2 h. From Fig. 1, it can be noted that increasing the 
sulphuric acid concentration could enhance the leaching 
efficiencies of cobalt and lithium. When c(H 2 S0 4 ) varied 
from 0.5 mol/L to 2.0 mol/L at reductant amount of 2.0% 
H 2 0 2 , the leaching efficiencies of cobalt and lithium 
increased from 82.87% to 96.28% and from 72.70% to 
85.80%, respectively. However, with a further increase 
in the c(H 2 S0 4 ) from 2.0 mol/L to 2.5 mol/L, the 
leaching efficiency of Co or Li did not change 
significantly. This phenomenon could be explained by 
the chemical reaction equation of dissolving LiCo0 2 in 
the H 2 S0 4 and H 2 0 2 solution (Eq. (1)). Equation (1) 
indicates that the addition of the reacting substances can 
facilitate the forward reaction resulting in the increase in 
leaching efficiency. Meanwhile, the increase of CoS0 4 or 
Li 2 S0 4 in the solution reversely enhances the backward 
reaction, and with the continuous increase in c(H 2 S0 4 ), 
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the backward reaction gradually turns to be in 
equilibrium with the forward reaction. As a result, the 
leaching efficiencies of Co and Li did not change 
significantly. 



Fig. 1 Effects of H 2 S0 4 concentration, H 2 0 2 amount and 
ultrasound-assisted condition on leaching of LiCo0 2 at 60 °C 
for 2 h (S:L of 33 g/L, agitation speed of 300 r/min) 

The effect of H 2 0 2 amount on the leaching of 
LiCo0 2 with 2 mol/L H 2 S0 4 , indicates that the leaching 
efficiency increased from 63.55% to 96.59% for cobalt 
and 69.33% to 85.91% for lithium as the H 2 0 2 amount 
increased from 0.9% to 2.0%. But, the efficiency did not 
increase significantly when more than 2.0% H 2 0 2 was 
used. The phenomenon is probably because of the 
instability of H 2 0 2 . When heated, hydrogen peroxide 
could decompose (see Eq. (2)) in solution and the 
increase of its concentration could accelerate the 
decomposing. 

H 2 0 2 (aq) —» H 2 0(aq) + l-0 2 (g) (2) 

Therefore, in the leaching process at the condition 
of high H 2 0 2 concentration (above 2.0%), the effectual 
H 2 0 2 increased slowly with the increase in its 
concentration, resulting in no significant increase in the 
leaching efficiency. 

Of particular interest observed in Fig. 1 is a 
remarkable leaching efficiency variation of the LiCo0 2 
induced by ultrasonic irradiation. When the H 2 S0 4 
concentration is low (0.5 mol/L), the leaching 
efficiencies of cobalt and lithium using ultrasound- 
assisted leaching are obviously higher than those in 
H 2 S0 4 using H 2 0 2 as reductant. In the leaching process 
at the condition of high H 2 S0 4 concentration (above 1.0 
mol/L), the leaching efficiencies of cobalt and lithium 
using ultrasound-assisted leaching are lower than those 
in H 2 S0 4 or H 2 0 2 . It is likely because H 2 0 2 is easily 
generated by the action of ultrasonic waves on low 
H 2 S0 4 concentration solution. When ultrasonic waves 
are irradiated into an aqueous solution, cavitation occurs. 


The cavitation provides a so-called “hot spot” which has 
an extremely high temperature (more than 5000 K) and 
pressure (more than 5.07* 10 7 Pa) [36,37]. In the hot 
cavities, free-radical reactions (e.g., involving -OH 
derived from the decomposition of H 2 0) are possible. 
The hot spot enables the generation of radical species 
such as ’OH and H 2 0 2 . Due to an associated decrease in 
water content with an increase in the H 2 S0 4 
concentration, it is not conducive to the formation of 
H 2 0 2 by ultrasonic irradiation. Consequently, the 
equilibrium concentrations of hydrogen peroxide did not 
increase significantly, and the leaching efficiency of 
cobalt and lithium using ultrasound-assisted leaching is 
lower than that in H 2 S0 4 or H 2 0 2 . 

The effects of temperature and reaction time on the 
leaching efficiency were studied using 2.0 mol/L H 2 S0 4 
at a S:L ratio of 33 g/L and at a reductant concentration 
of 2.0%. The leaching results for cobalt and lithium are 
shown in Figs. 2(a) and (b), respectively. This figure 
illustrates that the metal leaching is significantly affected 
by temperature and reaction time. The increase in 
temperature or time significantly enhances the leaching 
efficiencies of Co and Li. The results indicate that only 




Fig. 2 Effects of leaching temperature and leaching time on 
leaching of FiCo0 2 (c(H 2 S0 4 )=2 mol/F, p(H 2 0 2 )=2%, S:F=33 
g/F and agitation speed=300 r/min): (a) Feaching efficiency of 
Co; (b) Feaching efficiency of Li 
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33.67% of cobalt and 21.83% of lithium can be leached 
out at 20 °C within 0.5 h. The leaching efficiencies of the 
metals increase with an increase in the leaching 
temperature or the reaction time. At 60 °C for 2 h, 
95.88% of the cobalt and 88.23% of the lithium are 
leached out. A further increase in the temperature and 
reaction time does not show any significant increase in 
the recovery of cobalt or lithium. As described by 
SAKUITUNG et al [21], the leaching process of both 
metals from the active substance is an endothermic 
reaction. LEE and RHEE [18] reported that the apparent 
activation energies of Co and Li calculated from an 
Arrhenius plot were 12.5 and 47.73 J/mol, respectively. 
Both the chemical reaction rate and the ion transfer rate 
are significantly affected by the temperature. 

3.2 Precipitation of CoC 2 0 4 

After filtration of the leaching solution to remove 
impurities, CoC 20 4 ’ 2 H 2 0 was precipitated by adding 
ammonium oxalate in the filtrate. The precipitating 
process could be expressed by: 

CoS0 4 (aq)+(NH 4 ) 2 C 2 0 4 (aq)—> 
CoC 2 0 4 (s)i+(NH 4 ) 2 S0 4 (aq) (3) 

The effects of temperature, pH and the ammonium 
oxalate concentration on the precipitation efficiency of 
cobalt were investigated. The experiment results are 
illustrated in Fig. 3. 

Figure 3(a) indicates that the precipitation process is 
significantly affected by temperature. The recovery rate 
of Co increased with temperature (up to 50 °C) in the 
beginning and then decreased. This phenomenon was 
caused by the relationship between the formation of 
CoC 2 0 4 and its dissolution with temperature. Because 
the precipitation of CoC 2 0 4 is an endothermic process, 
the increase in temperature facilitated the formation of 
CoC 2 0 4 , resulting in the increase in the recovery rate of 
Co. On the contrary, the increase of temperature also 
made for the dissolution of precipitated cobalt oxalate, 
causing the decrease of the Co-recovery rate. When the 
temperature was low (less than 50 °C), the precipitation 
of CoC 2 0 4 dominated the reaction depicted by Eq. (3). 
Therefore, with the increase in temperature from 20 °C 
to 50 °C, the recovery rate of Co increased from 74.73% 
to a maximum of 98.85%. With further increasing the 
reaction temperature (higher than 50 °C), the dissolution 
of precipitated cobalt oxalate eventually becomes the 
prevailing factor, causing the decrease in the recovery 
rate of Co at a higher reaction temperature. 

From Fig. 3(b), the production of CoC 2 0 4 also 
presented the trend of first increase and then decrease 
with the equilibrium pH. Two different mechanisms can 
be used to explain the variation of recovery rate of Co 
with the equilibrium pH. When the pH value was low 
(less than 2), the increase in equilibrium pH is beneficial 



Fig. 3 Variation of recovery rate of Co with factors: (a) 
Temperature (pH=2, agitation speed 300 r/min and 1 h); (b) 
Equilibrium pH (50 °C, agitation speed 300 r/min and 1 h); (c) 
Ammonium oxalate concentration (pH 2, agitation speed 300 
r/min, 50 °C and 1 h) 

to the precipitation of CoC 2 0 4 . However, with increasing 
the concentration of CoC 2 0 4 , ammonium and Co 2+ can 
easily combine to form Co(NH 3 ) 6 2+ , resulting in the 
decrease of CoC 2 0 4 . With the continuous increase of pH 
(higher than 2), the combination of ammonium and Co 2+ 
gradually became the prevailing factor, causing the 
decrease in the net content of CoC 2 0 4 . 

From Fig. 3(c), the recovery rate of Co increased 
from 92.39% to 98.91% with the increase in molar ratio 
of ammonium oxalate to Co 2+ from 1.0:10 to 1.2:1.0; 
while, the recovery rate of Co decreased from 98.91% to 
96.24% with the increase in molar ratio of ammonium 
oxalate to Co 2+ from 1.2:1.0 to 1.4:1.0. The above results 
could be due to two reasons: the common ion effect and 
the ion-interactions. Due to the common ion effect, the 
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solubility product of oxalate ion and cobalt ion is 
constant. Therefore, with the increase of the ammonium 
oxalate concentration, the oxalate ions increased, leading 
to the decrease of cobalt ions in the aqueous phase. As a 
result, the cobalt ions in the solid species increased. 
Whereas too excessive use of ammonium oxalate (more 
than 1.2:1.0 molar ratio of ammonium oxalate to Co 2+ ), 
could enhance ion-interactions, making the opportunity 
for formation of the CoC 2 0 4 molecules reduce. 

Based on the experiment results above, the optimum 
condition of recovering CoC 2 0 4 is determined as follows: 
the optimum molar ratio of ammonium oxalate to Co 2+ is 
1.2:1.0, equilibrium pH is 2, temperature is 50 °C, 
reaction time is 1 h, and agitation speed is 300 r/min. The 
XRD pattern of cobalt oxalate powder is shown in Fig. 4. 
Table 1 lists the composition of the product. It is shown 
that about 94.7% cobalt was deposited as oxalate with 
less than 0.32% impurities. Lithium was not detected in 
samples. 



20 30 40 50 60 70 

26/0 

Fig. 4 Photo (a) and XRD pattern (b) of products o 
CoC 2 0 4 -2H 2 0 obtained by sedimentation 


Table 1 Composition analysis of CoC 2 0 4 samples (mass 
fraction, %) 


Fe 

Co 

Ni 

Mn 

As 

Cu 

Ca 

Na 

0.001 

32.69 

0.015 

0.003 

0.002 

0.004 

0.001 

0.006 


3.3 Precipitation of Li 2 C0 3 

After recovering CoC 2 0 4 , the precipitate of lithium 
carbonate was formed by adding an excessive amount of 
sodium carbonate in the left filtrate. The reaction in this 
system is shown as follows: 

2Li+Na 2 C0 3 —>Li 2 C0 3 J,+2Na + (4) 

Because the content of Li + in leaching solution was 
much low, the left filtrate after recovering CoC 2 0 4 was 
condensed in order to precipitate Li 2 C0 3 as much as 
possible by adding sodium carbonate in the solution. 
Figure 5(a) shows the relationship between Li-recovery 
rate and the concentration of Li + in the condensed 
solution. From Fig. 5, it can be noted that with the 
increase in Li + concentration, Li-recovery rate increased 
markedly at the beginning. When Li + concentration was 
raised to 20 g/L, the Li-recovery no longer increased 
significantly. So, in the experiment to investigate the 
influence of temperature, equilibrium pH and the amount 
of sodium carbonate on the precipitation efficiency of 
lithium, the Li + concentration was maintained at 20 g/L. 

Similar to the formation of CoC 2 0 4 , the 
precipitation of Li 2 C0 3 is also an endothermic reaction 
that increasing the temperature is beneficial to obtain 
Li 2 C0 3 and also in favor of the dissolution of 
precipitated Li 2 C0 3 in the solution. Figure 5(b) shows 
that at the condition of temperature lower than 50 °C, the 
precipitation of Li 2 C0 3 dominated the reaction depicted 
by Eq. (4), resulting in a significant increase in the 
Li-recovery rate with the temperature. When the reaction 
temperature was raised to 50 °C, the dissolution of 
precipitated Li 2 C0 3 turned to be in equilibrium with the 
formation of Li 2 C0 3 that the recovery rate of Li showed 
almost no change with the increase of temperature. 

Because C0 3 2 ” can easily combine with H + to form 
HC0 3 ~, reduction of H + is beneficial to the precipitation 
of Li 2 C0 3 , i.e., the Li-recovery rate increased with the 
increase in equilibrium pH (see Fig. 5(c)). Meanwhile, 
increasing Li 2 C0 3 precipitated in solution ever enhanced 
its dissolution. Therefore, when the equilibrium pH was 
increased to a certain value (about pH 10 in Fig. 5(c)), 
the precipitation of Li 2 C0 3 turned to be equilibrious with 
dissolution of it. Consequently the Li- recovery rate did 
not increase significantly with the pH. 

Taking the common ion effect into consideration, 
excess sodium carbonate sedimentation should be added 
to precipitate the lithium carbonate. Figure 5(d) shows 
that the Li-recovery rate increased from 72.76% to 
80.61% with molar ratio of sodium carbonate to Li + 
increased from 1.0:1.0 to 1.1:1.0. With a further increase 
in molar ratio of sodium carbonate to Li + from 1.1:1.0 to 
1.4:1.0, the Li recovery efficiency did not increase 
markedly. 

From the description above, the optimum condition 
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Fig. 5 Factors influencing recovery rate of Li: (a) lithium-ion concentration (pH 10, agitation speed 300 r/min, 50 °C and 1 h); (b) 
Temperature (pH 10, agitation speed 300 r/min and 1 h); (c) Equilibrium pH (agitation speed 300 r/min, 50 °C and 1 h); (d) Sodium 
carbonate concentration (pH 10, agitation speed 300 r/min, 50 °C and 1 h) 


of recovering Li 2 C0 3 is as follows: the molar ratio of 
sodium carbonate to Li + is 1.1:1.0, equilibrium pH is 10, 
temperature is 50 °C, lithium-ion concentration is 20 g/L, 
reaction time is 1 h, and agitation speed is 300 r/min. The 
crystalline Li 2 C0 3 phase is clearly identified by XRD 
analysis shown in Fig. 6. The experimental results 
showed that around 71.0% of lithium was deposited as 
carbonate with less than 0.52% impurities. Cobalt was 
not detected in samples. 

4 Conclusions 

1) The experimental results show that solution 
concentration, temperature and leaching time have 
marked influence on the efficiency of dissolving the 
active substances, and the solution temperature, pH value 
and the amount of precipitant added significantly affect 
the precipitation of Co and Li products. 

2) Within the range of experiment conditions 
performed, 96.3% of Co and 87.5% of Li can be leached 
using a 2 mol/L H 2 S0 4 with 2.0% H 2 0 2 , 33 g/L S:L 
ratio, 2 h leaching time and temperature of 60 °C. 

3) The pearl colored CoC 2 0 4 2H 2 0 powder is 
precipitated using ammonium oxalate with a 1.2:1.0 
molar ratio of ammonium oxalate to Co 2+ , an initial pH 
of 2, a temperature of 50 °C for 1 h. In the chemical 
precipitation process, more than 94.7% of Co element 
was recovered from the leach liquor. 



10 20 30 40 50 60 70 


2 0 /(°) 

Fig. 6 Photo (a) and XRD pattern (b) of products of Li 2 C0 3 
obtained by sedimentation 
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4) After collection of the CoC 2 0 4 -2H 2 0 product by 
filtration, the Li 2 C0 3 precipitates are obtained by 
addition of Na 2 C0 3 in the left filtrate when the molar 
ratio of sodium carbonate to Li + is 1.1:1.0, equilibrium 
pH is 10, temperature is 50 °C, lithium-ion concentration 
is 20 g/L, reaction time is 1 h, and agitation speed is 300 
r/min. By this process, 71.0% of Li can be recovered in 
the form of Li 2 C0 3 . 
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